High rates of acetylene (C2H2) -eduction (nitrogenase activity) were observed in woodroom effluent from a neutral sulfite semi-chemical mill under aerobic (up to 644 nmol of C2H4 produced per ml per h) and under anaerobic (up to 135 nmol of C2H, produced per ml per h) conditions. Pasteurized effluent developed C2H2 reduction activity when incubated under anaerobic but not under aerobic conditions. Activities were increased by addition of 0.5 to 3.0% glucose or xylose. Enrichment and enumeration studies showed that N2-fixing Azotobacter and Klebsiella were abundant, and N2-fixing Bacillus was present. Of 129 isolates of Klebsiella from pulp mills, lakes, rivers, and drainage and sewage systems, 32% possessed nitrogen-fixing ability.
MATERIALS AND METHODS
Pulp mill effluent samples. On eight separate occasions between December 1972 and June 1974, samples of woodroom effluent (supernatant and settled sludge) were collected fronT a neutral sulfite, semi-chemical mill, pulping mixed species of unbarked eastern Canadian hardwoods. The temperature of the effluent at sampling time was usually in the range of 31 to 37 C. This mill recycles a considerable amount of process waters from the paper machine I Present address: Domtar Research Centre, Senneville, P.Q., Canada.
to the lo&washing and pulping areas. The log-wash effluent is passed through a 150-pm Kason screen.
The retained bark and grit is land-filled, the passed fraction (woodroom effluent) is settled, and the supernatant is recycled again for log washing. In December 1972, samples were also obtained from an 8-day retention biological oxidation lagoon (pilot plant).
Cultures. Strains of Klebsiella spp. isolated from various sources were received from A. D. Tennant, Ottawa (described in 14, 18, 19) and from D. W.
Duncan, Vancouver (personal communication).
Others were isolated from brilliant-green bile broth most-probable-number (MPN) tubes and from positive enrichments of effluent to which 0.5% glucose was added. Azotobacter was isolated from aerobically incubated effluent by successive enrichment culture (C2H2 reducing) in aerobic glucose mineral salts N-free medium (5) . Bacillus was isolated from pasteurized (80 to 85 C for 15 min) effluent amended with 0.5% glucose incubated under N2, followed by successive enrichment culture (C2H2 reducing) under N2 in modified Hino and Wilson N-free medium (11) supplemented with 25 pg of yeast extract per ml.
Microbial counts. Microbial counts were performed on unpasteurized and pasteurized (80 to 85 C for 15 min) samples of effluent before and after 24 h of aerobic and anaerobic incubation. Dilutions were prepared in mineral salts solution (5) , and appropriate dilutions were used to inoculate the following: (i) Difco stock culture agar for an aerobic total viable plate count; (ii) glucose mineral salts N-free agar (5) for an Azotobacter plate count (colonies were checked for typical Azotobacter); (iii) Difco brilliant-green lactose bile broth tubes (five per dilution) for a coliform most-probable number estimate; (iv) 0.01-ml quantities from the highest positive dilutions of (iii) were Growth measurements. In some experiments cultures were grown in 50-or 500-ml Erlenmeyer flasks with matched side arms, and optical densities were determined at 430 nm. In these experiments, 10-ml portions were transferred by syringe into 50-ml serumstoppered N2-filled flasks for assay as above.
RESULTS
Acetylene reduction by effluents. Figure 1 shows the C2H2 reduction activity typical of liquid woodroom supernatant when incubated in air on a rotary shaker. High nitrogenase activity was recorded in unamended material after 24 h of incubation. Addition of 0.5% (wt/vol, final concentration) xylose slightly increased activity, but addition of glucose slightly decreased activity. Effluent samples which were pasteurized at 80 C for 15 min developed no nitrogenase activity during the course of the experiment.
Acetylene reduction activity typical of woodroom supernatant effluent incubated in N2 on a rotary shaker is shown in Fig. 2 . Unamended effluent showed low peak activity at 24 h whether previously pasteurized or not. The addition of 0.5 and 3.0% glucose to unpasteurized effluent supported somewhat greater and more prolonged activity. However, peak activity of glucose-supplemented pasteurized effluent was much greater than that of unpasteurized effluent.
The results of these and other similar studies of effluent samples are summarized in Table 1 . No activity was observed in liquor from the biological oxidation lagoon pilot plant under (3, 20) . (11) and closed symbols represent those grown on the same medium supplemented with 310 ,g of NH4+-N/ml. marized in Table 3 . Nitrogen-fixing Klebsiella were widely distributed, and of the 129 isolates studied 32% possessed the ability to develop nitrogenase activity. DISCUSSION Acetylene reduction was consistently demonstrated in woodroom effluent (supernatant and sludge) but not in liquor from a biological oxidation lagoon pilot plant. Lack of activity in the pilot plant liquor is consistent with the fact that NHOH was frequently added to the plant to a concentration of about 100 to 200 ,gg of N per ml, a concentration which would be likely to repress the synthesis of nitrogenase by microorganisms (6) or allow the proliferation of non-N2-fixing species and strains. High activities in nonpasteurized samples under aerobic conditions suggested the occurrence of obligately aerobic N2 fixers, such as members of the Azotobacteraceae. The activities which developed in both pasteurized and unpasteurized effluent under anaerobic conditions suggested the occurrence of facultative N2 fixers such as bacilli or members of the Enterobacteriaceae, or of anaerobic N2 fixers such as clostridia. The development of anaerobic activity in pasteurized effluent suggested that spore-forming N2 fixers were present.
The activities observed in unamended effluent under aerobic conditions extrapolate (assuming an C2HJN2 conversion factor of 3) to about 60 gtg N2 fixed per ml of effluent. The Azotobacter insignis was isolated from fresh water in North America (10), and A. agile was reported in strawboard waste water (9) . The large numbers of Klebsiella and Azotobacter in the effluent studied here appear to account for much of the activity observed. Considerable oxygen depletion occurred in aerobically incubated effluent (data not shown), and this, together with the marked proliferation of both Azotobacter and "N2-fixing coliforms," suggests that the very high observed activities in aerobic effluent may have been caused by both Azotobacter and Klebsiella. Actively N2-fixing Klebsiella cultures have been shown to be somewhat 02 tolerant (11; S. Hill, personal communication). In anaerobically incubated effluent the somewhat lower proliferation of coliforms is consistent with the lower nitrogenase activities observed. To what extent N2-fixing bacilli contributed to the observed activities is difficult to assess. Sporulating cells were a small proportion of the total population, and satisfactory counts of these organisms were not obtained.
The Klebsiella would therefore appear to be a major contributor to the nitrogenase activities observed in the effluent. The wide distribution of N2-fixing ability observed here amongst Klebsiella strains isolated from a variety of situations is in agreement with reports elsewhere (1, 2, 4, 8, 12, 13, 17) and furthermore suggests that a potential for N2 fixation is similarly widely distributed.
